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I i?ATIOSAL ADVISORY COWITTEE FOR AERONAUTICS. 

By L. L. mhn. 

Introduction 

Aeronautic constructors have f o r  many years been t r y i n g  

d i f f e r e n t  kinds of s t ressed  coverings where r i g i d i t y  is secured 

by  mater ia l s  i n  t h e  sheet fom. 

and through t h e  Troblans presented by their  res is tance,  these 

coverings 'nave beccme incorporated i n  the  standard construction 

of hulls. 

Through the shape of the models 

Generally, and p a r t i c u l a r l y  i n  naval construction, t he  dif- 

f i c u l t i e s  clue t o  t h e  ilse of t h i n  mater ia l s  a r e  summed up i n  

r a t h e r  vague expressions, such as l t l oca l  weakness, It 'Ynsuff i c i e n t  

r i g i d i t y , "  etc.  Aeronautics, however, has a very valuable means 

of observation, mrrely, t h e  s t a t i c  t e s t .  

t o  t h e  Sreaking point.  

t u r e ,  almost a car ica ture  of the  d i s t r i b u t i o n  of the load and of 

t h e  nature  of t h e  risrs. 

which, a f t e r  a f a i l u r e ,  a r e  successful i n  keeping the s t r u c t u r e  

i n t a c t  i n  the  region s t ipu la t ed  i n  t h e  spec i f ica t ions ,  show that, 

The s t r u c t u r e  is loaded 

The engineer has under his eyes a pic- 

TLe process of f a i l u r e  and the means 

i n  s t ruc tu res  w i t h  t h i n  mater ia ls ,  t he  r i s k  of buckling dominates 
*"Les BordGs Trava i l l an t s  en Construction Havale e t  Aeromutique " 
from a pamphlet IfAssociation Technique i h r i t i m e  et  Aeronautique,i 
May-June, 1927. T 3 i s  a r t i c l e  was also published,. i n  pa r t ,  in t h e  
l f B u l l e t i n  Technique du Bureau Veritas," June, 1927, pp. 119-126. 
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t h e  risk of f a i l u r e  through simple tension. It is, however, a 

r i s k  d i f f i c u l t  t o  determine accurately and d i f f i c u l t  t o  eliminate. 

Tk i s  i s  why the  iilew system -has t h s  far promised more than it has 

given. 

Be propose t o  make a study of t h e  d i f f i c u l t i e s  and t h e i r  a p  

p r o p r i a t e  solut ions.  In t'nis e lmen ta ry  study, we have been com- 

pe l l ed  t o  follow t h e  observations c lose ly  w i t h  t h e  aid of calcu- 

l a t i o n s  and simple hypotheses and t o  determine exac t ly  r a the r  

t h a n  t o  imoxate .  

a l l  who h v e  investigated fa t igue  in bulls.* 

The question of buckling has been nentioned b y  

The buckling has i t s e l f  been stu&ied,** but  the  p a r a s i t i c  sec- 

ondary rc le  h i t h e r t o  assigned t o  it is  too l imited.  

noaenon occurs i n  both naval and aeronautic construction, nanely, 

The same phe- 

t h e  c r i t i c a l  load fa l l s  i n  the working range, when i t  concerns 

metal  plates us& i n  the  covering of hulls o r  very t h i n  p l a t e s  

used v 7 i t L  i,iadequa,te s t i f f c - n h g  i n  t h e  s t r e s sed  covering of an 

a i rp l an2 .  B e  ?.re L'J.S - _  led t o  -_ revise the  conclusions generally 
*Aug. XcJmand: "E;ll letin de l I B . T . M . ,  1892, "Note sur l a  varia- 

t i o n  du g d i d s  64 charpente des navires avec l e s  dimensions e t  sur 
l a  lkiL;a,?.Sion q u i  en re'sulte clans l a  grandeur absolue." 
L. V'vp.l:  A . T . K V ,  1894, nI.tilde sur la f a t i g u e  des navires.l '  

Note, 5n g a r t i c u l a r ,  the l i n i t a t i o n  of t h e  admissible loads f o r  
small ship?. 

Ber t in :  A.T.U., 1913 - -  and 1314, "Esquisse d'un chap i t r e  d 'archi-  
t e c t u r e  mvale." Late the  increase in t he  altmissible loads w i t h  
t h e  increase i n  t h e  s i z e  of the  ships. 

Gille:  A.T.X. , 1915-1920, " L a  construction des coques mdta l -  
l i q u e s ,  son 6voluticn et son avenir." 
**Marbee: A - T - X . ,  1912, tfMote sur le_flambement des poutres e t  
ann eaux &as t iques . (1 

con st  m c t ions. 
Thuloup: n.T.M., 1923, "Fatigue des nateriaux et  s6cur i t6  des 



accepted, p a r t i c u l a r l y  on the va r i a t ion  of the working stress i n  

te rns  of the dinensions, a var ia t ion  which plays t he  pr inc ipa l  

r o l e  i n  the l i m i t a t i o n  of the s i ze  by increasing the weight of 

Notat ion 

The mill imeter i s  taken as the u n i t  of length, and the i c i lo -  ~ 

the u n i t  of force. Be w i l l  u s e  the following symbols: 

dei ls i ty;  

Youngs' 8 modulus; 

breaking load; 

i n e r t i a  marcent of a sect ion w i t h  reference t o  t h e  axis 
of tke  f lexures  passing through the  center  of gravity; 

cross-sectional area of spar or  longeron; 

dis tance of z a t t e r  f a r thes t  from a x i s  of i ne r t i a ;  

t h i x h e s s  of spar o r  longeron; 

I Id-i'fl. of 5;?3,r o r  1onger.on; 

n i n p x  i r o r t i a  momsnt of covered area considered sepa- 
e. the rn:::ient which en ters  i n t o  Eulera s for- 

&.iie~ t o  t h e  eo e r h g  alone; 

thickness '  of covering; 

cross sect ion of covering; 

J , r a t i o  i /s  or  square of radius  of gyration of covering 
aloize; 

radius of' curvature of one undulation of t he  cover ing  r, 
2 ,  dis tance  between the couples; 

TT, r a t i o  of circumference t o  diameter. 
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Syr;ibols not given above a r e  defined as they occur i n  the  

t e x t .  

A6xmtages of s t ressed  coverings, as applied t o  

aeronautics.  D i f f i c u l t i e s  of execution, which 

may destroy the theore t ica l  advantage of weight. 

On a ship the  s t r eng th  resides p r inc ipa l ly  in  the coverings 

of t h e  hull and deck. 

on the  one ’nand, and the uyper decks, on the other hand, consti- 

t u t e  tbe f langes of a ver i tab le  girder ,  which transmits from bow 

The bottom of the h u l l  and the  planking, 

t o  s t e r n  the s t r e s s e s  at each l eve l .  

s t r x t u r e  is t o  cause t o  pa r t i c ipa t e  in  t h e  res i s tance  t h e  maxi- 

gum nw’oer of longitudinal elements, whatever their  r o l e  i n  the 

s t r u c t u r e ,  and t o  impart t o  the sect ions of the  g i rde r  t h e  maxi- 

mum i n e r t i a  due t o  the u t i l i z a t i o n  of the elements farthest re- 

moved f rm the  neutral  l i ne .  

The advantage of such a 

The r a t i o  of night t o  s t rength  

i s  thus reduced t o  theminbum. 

It wits w i t h  r;@d airships that the t r a n s f e r  of the e l +  

ments of res i s tance  t o  t h e  periphery made i t s  appearance i n  

aeronaut ics .  

s p e c i a l  girder  separate from t he  envelope, as i n  nonrigid air- 

ships ,  t h i s  g i r&er  i s  composed of the framework over which the  

envelope i s  stretched. 

Instead of securing longi tudinal  s t r eng th  by a 

In the United S t a t e s  the  u s e  of duralu- 

min l e s s  than 0.2 m, (0.008 in.) th ick  has even been considered 
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f o r  t he  outside s t ressed covering. 

On airplanes the covering was f i r s t  s t ressed  only for trans- 

m i t t i n g  the external  pressures  at short dis tance between two ad- 

jacent  ribs, and s t rength  was secured by spars or  l a t t i c e  gird- 

e r s .  Nevertheless, systems of s t ressed covering w i t h  e l h i n a t i o n  

of spars has been introduced ai?d is j u s t i f i e d  by the  following 

considerat  ions: 

Fabr i c  covering has t he  disadvantage of de t e r io ra t ing  i n  a 

On few months when exposed t o  t h e  inclemencies of the weather. 

t h e  other 'nand, when the wing loading of an airplane is large, 

t h e  number of the ribs must be great ly  increased i n  order t o  

avoid excessive tension of the fabric .  Hence, coverings of ply- 

woof- o r  iiietal have been used. Unfortunately, while doped and 

varzished f ab r i c  weighs on ly  0.4 kg/m2 (.082 lb . /sq.f t . ) ,  ply- 

WOGCL 1.5 rnm (0.06 in . )  t h i ck  weighs 0.9 kg/m2 (.184 lb. /sq.ft .)  

and auralumjn 0.35 mm (0.014 in . )  th ick  weighs 1.015 kg/m2 (-208 

lb./sq.ft.). 

loading of 60 kg,hZ (12.29 l b . / sq . f t . )  would require  f o r  wing 

covering alone: 

Hense Bn 1800 kg (3968 lb.) a i rp lane  w i t h  a wing 

24 kg (52.9 Ib.) of f ab r i c ,  o r  1.3% of the weight; 

54 " ( 119 I' ) 'I wood, o r  3% of the weight; 

60.9 kg (134.3 lb.) of duralumin, o r  3.4% of the weight. 

W e  a r e  thus l e d  t o  de t emine  t'ne r e l a t i v e  s t rengths  of the cov- 

er ings in  order t o  reduce the weight of the  frame. 

This i s  a l l  the  inore desirable  because, if  we could loca l i ze  



r e s i s t i n g  e l m e n t s  i n  the  covering, Ee mould give t h e  s t ruc tu re  

an i n e r t i a  acd consequently a r i g i d i t y  greater  than w i t h  the  

same weight of mater ia l  i n  t k e  form of qars or longerom. 

Ve w i l l  consider, for example, a fuselage w i t h  four  longer- 

ons covered w i t s  plypood, which cag give alone, although only 

1 3a (9.04 ia.) and 1.5 :?m (0.06 in . )  thick,  half of the necessa- 

r y  i-nertia. 

as also the i n t e n e d i a t e  supports which r e s t  on the bulkheads, 

it sufxices t o  arrange them i n  continuous, su i t ab ly  combined mem- 

bers from one end of the fuselage t o  the other. 

I n  order t o  be able t o  include it i n  the  resistance,  

~ 

The theo re t i ca l  advantage of t he  weight proceeds first fxan 

t h e  elimination of the f a b r i c  and the menbersvhich support it 

and, secondly, from the  smaller  weight of the r e s i s t i n g  members 

themselves. The l a t t e r  cause is  i tself  due t o  two causes. O a  

t h c  one hand, it i s  possible  t o  u t i l i z e  a l l  the available height, 

a port ion of which w a s  occupied by the  supports of the covering, 

t h e  r ib  flanges and the  nose bat tens .  

ma te r i a l  is spread out  on t h e  surface.  

On the other  hand, a l l  the 

Let us see, fer ~x;Lmplc, nhat can be saved. in t he  weight of 

a longeron. For tkis purpose, l e t  u s  f i n d  how t h e  stress in t h e  

n a t e r i a l  umld  vary according t o  t h e  =ode of construction, w i t h  

equal wcisht and under the same bending moment. 

have a iciniimm saving in  weight, i n  that the  l ightening, corm- 

s9oiiding t o  t h e  increase in t h e  s a f e  load, diminishes the  weight, 

t h e  necessary surface area and consequently tne  bending moments. 

We w i l l  thus 
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The safety f a c t o r  of t he  o a t e r i a l  v a r i e s  as I / v .  Suppos- 

ing  it concerns a rectangular longeron w i t h  two l i k e  f langes 

and a, t o t e l  :iei$it o r  thickness , h, 

f l a n g e s  iasiLe the  longeron being h1 and the width b, then 

the  d is tance  between t h e  

Put b ( h  - k i t )  = S, cross-sectional a rea  of longeron. 

Then 

The values of 1 + - h' 4- - z r  111 i n  terins of h' a r e  ineicated 
h h .  

below f o r  d i f f e ren t  values o f  - h' between 0 (case of solid 

l o i 1 r ; ~ r o ~ )  a?d 

v.rkere all the na.teria1 is on t h e  surface) .  

h 
1 ( c8se of lonseron wi th  i n f i n i t e l y  t h i n  f langes 

Txble I 
-- 

i 
7 h' = 
h 

... 
_-.-A- 

h 

Let -2s compo-3 two 1ongerons, one s o l i d  and, because of the 

coveriiig', occupyi.;i,; o-nly 0.9 of the  ava i l ab le  height, while the 

o t h e r  occxpies t h e  whole he ish t  wi th  an  i n f i n i t e l y  t h i n  flange 

forned by t h e  w i a ~  covering. The r a t i o  of the I /v  o r  of the  

s a f e  loads i s  - - - 5.33 .  
0.9 
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I i 
Inversel3-, the r a t i o  of the  neights,  f o r  equal f a c t o r s  of 

sa fe ty ,  nould be 0.3 at, the most. 

saving of a t  l&st 0.7 of t h e  neiTht. 

treme case. 

stead of solid longerons, t h e  expression 

i t s  ;naxixun value. 

There w o u l d  accordingly be a 

Of  course, t h i s  is an ex- 

Taen box longerons w i t h  t h i n  flanges are used iIl- 

h' h t 2  1 + - + - 
h h2 

approaches 

There i s  s t i l l  a saving but  of l ess  a~naUnt. 

Another adva2tage of t h i s  method of construction is that it 

does not l o e l i z e  the s t rength i n  separate piecee, whose f a i l u r e  

would e i i ta i l  t he  ruin of the  s t ructure .  A breaking t e s t  eaables 

t h e  de t emiaa t ion  of i t s  mode of a c t i o n  i n  t h i s  case. During 

such a t e s t  on a metal a i rplane w i t h  s t ressed  covering, we found 

that l a rge  b l i s t e r s  appeared a t  t h e  f a c t o r  7,  leaving no doubt 

bu t  tbat ce r t a in  regions no longer shared i n  the load. No break 

occurred, houever, Selow the f a c t o r  12. The stress 'cs had, i n  

t h e  in te rva l ,  passed around the weakened areas.  

It is therefore  advani;ageous t o  employ this  mode of construe- 

t i o n  wnemver possi3le. 

s t n r c t i o n  of fuselages.  The fuselages a r e  subjected, however, t o  

much srialler couples t'mn the wings. 

t i l e v e r  monoplanes, the bending moment a t  t h e i r  po in ts  of a t t a c b  

men% reaches more 3 a n  ten  times the  maximum bending moment i n  

the fusela%e, and t h c  cross sect ion of the fuselage i s  s i x  times 

th icker  tha2 that of the wings. 

It has spread very rapidly In the  eo* 

For  exaaple, on sane can- 

The productior, of thick wings w i t h  tk-ick junctions promoted 

t h e  einploy,ieizt of stressed coverings f o r  the  wings. Such air- 



N. A t  C.. Technical E morandun Xo. 447 9 

- planes  are not yet made i n  quantity production, however, although 

t h e  first zttempts da t e  back t o  1315. 

d i f f i c x l t i e s  of p i n c i p l e ,  d i f f i c u l t i e s  due t o  the thinness of 

There m r e  encountered 

r?,7.s, and a l s o  serious d i f f i c u l t i e s  of execution. 

r i m i p l e  of stressed covering consis ts ,  i n  short ,  in  

e s t r e s s e s  t o  be trs.r,saitted by surfaces i n s t a d  of by 

ents. In the case of loca l ized  s t r e s s e s ,  r e i n f o r 0 5  

equired for d i s t r i b u t i n g  them. This is the case, for 

n i t  i a  a question of a t t ach ing  the s t r u t s  o r  s tays  

m t c l y  f o r  this type of construction, a r e  being in- 

ted  with th ick  wings. But the same d i f f i c u l t y  

Cemountable elenents o r  i n  t he  case of a n  open- 

required f o r  the u t i l i z a t i o n  of the a i rp l ane .  In  

it is necessary t o  pess from the  system of s t ressed  

the li=lear system. The smaller t he  a i rp lane ,  the 

ese d i f f i c u l t i e s  appear and the greater  t he  weight of 

re inforcments  r e l a t i v e  t o  the t o t a l  weight. On the 

as the  a i rp lanes  increase i n  s i ze ,  the importance 

, l i k e  the l o c a l  reinforcements on a ship. The d i f f i -  

c u l t i e s  &ue t o  t he  i1se of t5in n a t e r i a l s  n i l 1  be studied in  de- 

t a i l  when we inveetit:ate the s t r e s ses .  

The s t r u c t u r a l  d i f f i c u l t i e s  have especial ly  t o  do w i t h  the  I 
d i f f i c u l t y  of vo r!: i n  2 i x i d e  t h e  wing in  a t t ach ing  t h e  covering. 

Fabr ic  can be at tschcd -it;?t..out a i i f i c u l t y ,  because it can be 

sewed. With vood, t 3e  g1ui-g can s t i l l  b e  done f r o a  one s ide.  
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With metal, on the contrary, the r ive t ing  presents d i f f i c u l t i e s  

which ve m i l l  e m i n e  sore  closely y h i l e  reviewing the p r inc ipa l  

methods c r p l O y e d *  

11. 

Fi t se s s  of the d i f f e ren t  mater ia ls ,  wood, steel anti 

l i gh t  Detrls. 

Lightness i s  a special  advailtaze n3ere the re  is 

Un,- -er  of buckliag. 

buckling is t o  bc fonred. 

Diffzrent standards of comparison- 

Tletemination of zone mhore 

Dcngcr of .buckling of 

parison of d i f fe ren t  a a t e r i a l s .  Minhum stiff en- 

i n g  req-iircd. 

We T i l l  now see hoa t 3 e  sys t an  of construction w i t h  stressed 

c o v e r h g  2;3-pears, pn r t i cu la r ly  in  the wings, frm the  viewpoint 

of t he  s t rength of the rmterinls. 

Table I1 gives t h e  inec'mrzical p roper t ies  of the mater ia l s  

a h i c h  have this fz r  been used i n  a i r p l a m  construction, i.e.,  

Kood, dumlumin, ail& s tee l .  I t  also includes mzgnesium and its 

a3.loys,* I-..liich Wve thus far been use& 0~17 i n  engiaes and p m -  
*We have 3ceg ab12 t o  use tke data 03 t h e  rnechanicnl proper t ies  
of alloys znd l i g b t  ;.1etals accoraing t o  Kr. Lecoeuvre of the 
"Service Teclmique de l1Adrona=tique,lt who has likewise ca l led  at- 
t e n t i o n  50 t h e  exceptional propert ies  of gl;rcinum (a lso  known as 
5 e r y l l i m ) .  Thesc &ta were given b y  M r .  Lecoeuvre in  a l e c t u r e  
Se fo re  t h e  1'Socie't6 Frmcaise  &e Bavigation A&ienne," not yet 
publish&. 
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p e l l e r s .  Their use  i n  the  g l i d e r  will. doubtless encounter d i f f i -  

c u l t i e s  but, as we s!m11 see,  aoulc? have i ts  advantages. L a s t l y ,  

a s  purely indicat ive,  we have included glucinurih This i s  s t i l l  a 

labora tory  product, ai>d i t s  p r i c e c  i s  prohib i t ive ,  but it has re- 

rflarkable propert ics .  We m i l l  d l s r e p r d  tlic questions r e l a t i v e  t o  

production and protoction agz-inst corrosion. 

Sever21 nuribers a r e  given f o r  each group of mater ia ls .  These 

vary nit!i thc composition, the  t reatnent  and also according t o  the 

experiiicntcrs. Xoreovcr, the r c l c t i v e  s t rength  of the  j o i n t s  and 

t h c  xocle of e .?plopent  i t s c l f  o f ten  modify the  number t o  be adopt- 

ed. Te ail1 doubtless never o?-l-Lcin very Cef in i te  r e s u l t s  in  this 

manner. Iii f a c t ,  with the present  dLiei7-sions of a i rp lanes ,  t h e  

r e s u l t s  prove that it is  s e r y  d i f f i c u l t  t o  choose. For example, 

i n  the recent contest  of pu r su i t  a i rp l anes ,  tke perfomances and 

weights of d i€ f  c r e n t  airpl-mes prescnt  differences of the sane 

o rde r  of magnitude, nhcthcr t he  cc t te r ia l  i s  the same o r  not. 

Yo od 
S te2 l  
Durnlw in,  annealed 

II hard en cd 
II t r en tcd  and aced 

Llngnes iuri, forTed* 
Electnxi,  cast**  

11 forTed 
Dow :?eta-l, forged*** 
Gluc imx* * * * 

E 
1,000 
22,000 
7.800 
7',800 
7,800 

4,600 
4.600 

4,500 

6; 3?E3 
32,000 

R 
3- 6 

40-120 
20 
27 
40 
24 

14 .2  
31.6 

34 
40 

d 
0.5-0.8 
7.8 
2.9 
2.9 
2.9 
1.7 
1.81 
1.81 
1.79 
1.8 

F o r  footnotes, see next page. 



I n  order t o  study the  cosparative value of the mater ia ls ,  w e  

er? t o  3 e  used on airplailes of the same type, iden- 

the 13 dinensions, ,%it3 the  s8ze t o t a l  w e i  

of t ke  Inonologous nesibers. Thus t2e  t e s t  load 

ident ica l ly  dgstributed, so that the stresses 

ami t2e  ziizients In t h e  hmoloso'as parts w i l l  be the same. 

experir2entatiox Bad calculat ion indicate  f o r  w b t  multiple causes 

t h e  constmctioi: carriot satisfy re.gd1a.r requi rments .  

t h e s e  muses, def lect ion,  fa t igze ,  -o-uciclixg, furnishes a standard 

of  conparism. 

Both 

None of 

Tbe cboice of t ke  best rnaterial nil1 follow there- 

vy%ich reacers s q e r f l u o u s  the considera- 

is w i l l  G-wend on the  type and espec 

on t h e  dbei is ions.  

The xi25 s t ruc ture  nust in p a r t i c u l a r  guard against the fol- 

:;:e air pressure on the  wings is trans- lowing risks of rupture. 

n i t t e d  t o  t 3 e  fuselage, ?-Aic3 supports t h e  pr inc ipa l  loads, and 

Gr i e she im 31 ekt  roil - 
On the  proper t ies  and colb- 

p o s i t i o n  of l i g h t  a l loys,  s ee  Ur. Grard's d i s s e r t a t i o n s  on air- 
p l a n e  construction. 7,3Wle a m i t i n g  the  publ ica t ion  of the coolple'te 
French Coccyents, the  de ta i led  infornat ion can 3e  found in t?re 
Joz rne l  of the Royzl Aeronaztical Society of London- 
1926, ix&eer contains a cmmunication by V. R. Do Jones partieularc- 
ly devoted t o  nagnesium naCi i t s  al loys.  
Zeitung'l Bo. 9, 1925, which gives a l i t t l e  Sillaller m i b e r s .  
****Young* s :::odulus is deduced frm t;ie formula E=8X1@ (d/a)" in  
which a dexotes the a tonic  aeight and d the densi ty .  d o  not 
y e t  have the experiner,tal con f i rmt ion  for ghcinum, but the pr+ 
ceding f o r m l a  of Peczalski a?p l ies  well t o  a l l  known metals, es- 
p e c i a l l y  those n i t h  small a tonic  meights. See T. Peczalski,  " C o n p -  
tees Rendus de l 'Acad&ie des Vol. CLXXTT, 1923, p.500. 

***Xagaes%m--aluair?.;ul7. alloy, h e r i c a n .  

The Dec 

See also t he  "Giesserei  



?I. A .  C . A .  Technical Xeaorczndum No. 447 13 

r r  
consequently poduces  bending s t r e s s e s  i n  the  d i r e c t i o n  of the  

span, with naxl-ium bending mments a t  t h e i r  points  of at  t a c k e n t  

t o  t h e  fusel.~7.ge. The bendi-ng mmeiit i s  o f f s e t  by the mment of 

t h e  e las t ic  forces  r e l a t i v e  t o  t h e  a x i s  of inertia.  of the attach- 

n e n t  cross section, tSe f a t i s e  being given by the ~~ell-lriiosvn 

f o m u l n  f o r  g i rders  

I t  i s  necessary t~ renember tha t  the forrmla is  ap?licable, espe- 

c i a l l y  t o  the s t ressed  covering, only ahen the in t e rna l  bracing 

prevents the f langes frori s h i f t i n g  wi th  reference t o  one another 

and, i n  ge:?eral, only when t h e  cross-sectional r i g i d i t y  i s  assured. 

Simple coupressive o r  t e n s i l e  forces,  which we w i l l  have t o  con- 

s i d e r ,  appear  in the Sraciiig. T h i s  being the  case, t h e  secur i ty  

i s  assured, a c  cord iiig to Sain t  Vemnt, tdi  e n tl- f a t igue  given by 

t h i s  f o r m l a  is a&xinsible f o r  the  n a t e r i a l  employed. 

T l i i s  r es i s tance  t o  f l .emre,  however, produces secondary ef- 

f e c t s ,  mliich a r e  o f t m  very serious. I n  f a c t ,  and t h i s  i s  espe- 

c i a l l y  t c j  b e  feared nhei? t h e  covering i s  th in ,  i t  i s  poss ib le  

that ,  uncicr t h e  act ion of t h e  load just  d’efined, t he  compressed 

flan5.e is  in danger of  buckling. In t h i s  event, t h e  securi ty ,  

.according t o  Eulcr ,  i s  not assured. We r e c a l l  that the c r i t i c a l  

l o a d  of buclrling is (See J-ypenciix) : 

k . r r 2 E i  
12 

If t h i s  r i s k  i s  ,,rUilrdcd agz ins t ’by  g rea t e r  thicknesses (and 
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me skal1 see t o  w’mt tb ic lzess  it v i11  lead), the saving i n  veight, 

due t o  the employie.nt of the  s t ressed covering, w i l l  d i s a p p a r .  

Las t ly ,  at $!:e eixis of the l a t t i c e s  w5ich COnstitUt8 the w& 

he ?oilits of a t tack len t  of the covering, local 

de t G  defects  of co=lvergerzce o 

the junctioas, w h i c h  :?i@t thmscives  endanger the 

st-;ucture. Vc are spm5ng  of local flexures,  on the covering, 

flexures which are exer ted over s’nort distaaces,  but are very h- 

p o r t a n t ,  clue t o  t 5 e  r?la:yitude of t he  s t resses ,  of which t’ire la+ 

t i c e s  m y  5c the  seat. They a-pear all t he  zore,  t he  less  defi- 

n i t e  the :Leu e of t he  covering at which the  l a t t i c e s  should 

coverin? i s  c e l l u l a r  or ccrrruga 

res i s taace  i n  tkie junctions is nGt 

assured. The f a t i s t e  of the coverizg at the f lexure  is given by 

t h e  sane f G r r ? , u l a  as f o r  tile girder, but i n  nhich I and , v 

apply oalj7 t o  t3c  covcrir;;;. 

The flexure 3i;Lst tI:er<I”ore be exadned: according t o  Sa in t  
- Vemnt;  according t o  LlJlcr; from tke vievpoint of tfie secondary 

s t r e s  ses at the j QiIc t iom . 
The traslmfsgion of the aarodymmic pressures in  the  direc- 

t i o n  of tbe  rrinc ckord, t h e  actior, of tile a i le rons  and the t r a v e l  

of  t h e  cec te r  of l i f t  yield,  on the other  hand, t o  an e f f ec t  of 

flexure following t h e  ribs and t o  an ef fec t  of tors ion which 

tends t o  t w i s t  the generatrices of the wings into helixes.  In 

general, i f  the preceainc conditions are f u l f i l l e d ,  t he  r e s i s t -  
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ante t o  f lexure  according t o  Sa in t  Venant i s  here assured and it 

only  remains t o  assure  t h e  res i s tance  according t o  Euler b y  t h e  

sane  aethods as f o r  t h e  longitudiilal  f lexure.  A s  t o  the  res is t -  

ance t o  torsion, the po la r  i n e r t i a  of the sect ions i s  senera l ly  

s u f f i c i e n t  t o  preveiilt aiiy great disiDlacenent of t h e  center  of 

l i f t ,  the  system of s t ressed  coveriiig i n  f a c t  rendering t h i s  iner- 

t i a  ma.xi-mutn. 

qre stil-1 have t o  exa;lli-ne t h e  res i s tance  t o  compression of 

t h e  Tiiring considered as a panel subjected t o  a n  external  pos i t i ve  

Or negative pressure.  This  res i s tance  i s  l i k e w i s e  assured i n  

general  lahen the precediiig conditions a r e  s a t i s f i e d .  Nevcrthe- 

l e s s  the  norim1 compression can play t h e  ro l e  of a t ransverse 

s t r e s s  on a Sirdcr ex.gooed. t o  the r i s k  of buckling and conss- 

I queiitly teiids t o  diixinish the  c r i t i c a l  Ioad. 

I t  does not su f f i ce  t o  remain bel-ow t h e  l i m i t  of admissible 

f a t igues ,  but it is furti icr necessary t o  prevent t h e  deformations 

i n  f l i g h t  frow at ta inin,=.  vo.j.ucs su f f i c i en t  t o  modify the  pressure 

d i s t r i b u t i o n  o r  f ron  i i i i t l s . i ing  dangerous conditions. It is 

known that WliCll  t he  sect ions a rc  indefomable, t hc  def lec t ions  

a r e  given by t h c  flexures and are proportional t o  1/31. 

I n  order  t o  conpare t h e  d i f f e ren t  mater ia ls  w i t h  one another, 

we a re  therefore led  t o  c l a s s i f y  them according t o  the  following 

e 1 ement s 

Safc load i n  simple compression o r  tension w i t h  equal weight; 

Securi ty  against  f lexure  R/M/I/v o r  RI/V, s ince M is  



I 3y Ii-Jcothesis t he  saae for one a i rp lane  as f o r  another; 
I l!EI, def lec t ion  due t o  bending; 

EI/Z" , c r i t i c a l  load of coapressed flange. 

1. Safe load i n  s imple  compression o r  tension, the parts 

beink2 - of t n e  sane weizht, c i x i  t h e i r  cross  sect ions inversely as 

I 

I 

I 

t h e i r  deiisities. The mater ia ls  a r e  therefore  classed as R/d. 

2. F a t i p e  at  the  f lexure RI/V. 

A . -  Case of two t h i n  f langes of l i k e  width: 

h2 v = -  h - I - beh I = b e  - 2 '  2' V 2 ,  

Is and 3 keizg constant ax& e varying as l /d .  The mater ia ls  

a r e  c la .ss i f iea  according t o  R/d. 

, Bo- Case of two parts of l i k e  cross  sec t iom I va r i e s  

I as S", v as S1& . Ths parts a r e  c l a s s i f i ed  as R/d3/" . 
3. Fatigue at  the f lexure i n  the f lange  alone, 

of convergence in. a junction, etc.  The i n e r t i a  of the flange, 

i t a  width -2eing.constaat, fraries as e3 and i /v  v a r i e s  as e. 
The :nateri;zls a r e  c lassi f ied.  according t o  

f o r  default 1 
i 

I 

R/d2. 

4. 3eflect ions.  The stantiards of canparigon a re  established 

as above. K c  find E/d f o r  the tension; S/d f o r  t he  deflec- 

t i o n  &de t o  t he  f lexure of the ving rrith s t ressed covering, i f  

t h e  nidth of the flange i s  constant; E/d2 fo r  the  def lec t ion  

due t o  the f lexure,  the  sec t ions  rexa ia ins  s i n i l a r .  I 

5. Suckling Zi/2"  If the tliiclmesses of the  f langes are  
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inverse ly  proportional t o  t h e i r  dermit ies ,  ’fie f i nd  that E i var- 

i e s  as E/d3. If,  on the contrary, t h e  v i d t h  and thickness of t he  

f lanzes  are reeuccd proport  ionally,  w e  f ind 

I 

E/d2 .  

Farther along we w i l l  givc the  c l a s s i f i c a t i o n  of the  mater ia l s  

aceording t o  the d i f f e ren t  cr’lterions wnich we have just estab- 

l i s h e d .  The .-:aterials a re  classified i n  the  order of t h e i r  impor- 

t a m e  i~116 VJC have underlined tlic usual a a t e r i a l s  with t he i r  usual 

nor?i:if; n t r ens  i n  t he  ca l cd la t ions  r e l a t i v e  t o  a s t a t i c  breaking 

t e s t .  
m r e 

Tkese r e s u l t s  are  i : o w / ~ l - ~ r l y  shorn- i n  Figs. 1-2. Fig. 1 

g ives  tile d e n r i t i e s  8,s abscissas  Eli16 the breaking s t rengths  as or- 

d i n a t e s ,  while Fig. i3 gives t h e  modulus o f  e l a s t i c i t y .  More exact- 

lY, t h e  logsr i thxs of  these quan t i t i e s  were p lo t ted .  Thus the  

curves ;i/d L- cozst . ,  R/&’ = const.,  E/d = const.,  etc. ,  a r e  

reduced t o  s l rn iSht  l h e s  v:hose IIireiisions a r e  read on the  c o m e  

spondin;; scales .  It i s  thus o’cvious that, i n  proportion as t h e  

degree of the &enmi:iator iilcyeases, the  sca l e  of c l a s s i f i c a t i o n  

approeches t ’ne s c a l e  of the dens i t ies .  

The e s s e n t i a l  conclusion from these  f igures  i s  t h e  following: 

If we coinpare the  mter ia l s  from the viewpoint of t h e i r  s u i t a b i l i t y  

f o r  s t ressed eoveri-ngs, i n  t h e  form of sheet s e t a l  o r  boards, w e  

f i n d  that when there  appear secondary r i s k s  of buckling o r  of r u p  

ture  f o r  defzul t  of  coizvergence i n  t h e  junctions, the  less  dense 

materials z r e  the  bes t .  This i s  because these a re  t h e  ones which, 

f o r  a ;;.iven Yireight, o f f e r  t’ne maximmi l o o a l  i n e r t i a .  
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Thus t h e  securi ty  according t o  Saint Venant is c l a s s i f i e d  by 

R/d  and E/d. It assigns t o  the usual mater ia ls  neighboring 

p l aces  and, excepting for veqr great differences i n  density,  the 

c l a s s i f i c a t i o n  is determined by the mechanical propert ies .  On 

t h e  contrary, tSe secondary r i sks  and, more especially,  the secur- 

i t y  according t o  Ealer, which is d l a s s i f i e d  according t o  

g ives  the advantage t o  the l i g h t  materials, headed by wood. 

E/d3, 

T a' 

Class i f ica t ion  i n  R/d 

Slu  c i m z i  

Dow Irrietal, forged 

Electrum, forged 

S t e e l  a t  120 kg/m2 

Magnesium 

Wood (R=7; d=0.5) 

Duralumin, t r ea t ed  

S t  e e l  a t  100 k$am2 

Wood (%5; d4.5) 

Duralumin, hardened 

Wood (R=7; d=0.8) 

Electrum, cast 

Duralumin, annealed 

Wood (R=5; d=0.8) 

Vood (,9=3; d=0.5) 

S t e e l  at 40 kg/m2 

Wood (R-3; d4.8) 

and aged 

- 
t 

22.2 

18.9 

17.45 

15.4 

14.1 

14.0 

13.8 

12.8 . 

10.0 

9.3 

8.75 

7.85 

6.9 

6.25 

6.0C 

5.13 

3.75 

Le 111. 

Wood (R=7; d4.5) 

Glucinum 

Dow Tnetal 

- Wood (R=5; d4.5)  

Electrum, forged 

liiia.;nesiun 

Wood (I"; d4.8) 

Vood ( R=3; d=O. 5)' 

Duralumin, t r ea t ed  and 

Wood (R=5; d=0.8) 

Electrum, cast 

Stee l  at 120 kg/m2 

Duralumin, hardened 

Stee l  a t  100 k$m2 

Wood (R=3; d4.8) 

Duralumin, amealed  

S tee l  at  40 kg/rnmz 

aged 

19.35 

16.7 

14.15 Q 

13.8 

13.15 
i 

10.9 

9.8 

8.3 

7 - 7 2  

7.00 

5.94 

5.53 

5.21 

4.61 

4.2 

3.86 

1.84 



Table I11 (Cont.) 

t 

, 

3ood ( R=?; d=O. 5) 

Wood (R=5; d=O.5) 

Glucinum 

Wood (R=3; d=O. 5 )  

Wood (R=7; ‘dz0.8) 

Dow metal, forged 

Electrum 

Xames iun 

Wood (B=5; d=0.8) 

Duralmin, treated and aged 

Vood (R=3; d4.8) 

Electrun, c a s t  

Duralmin. hardened 

Duralumin, a-nnealed 

s t e e l  at 120 kg/im2 

Steel a t  100 k d m 2  

S t  eel .  at  40 kg/m? 

t a m  

10.00 

12.35 

L2.0 

L0.9 

LO. 45 

9.65 

8 . 3  

7.85 

4.75 

4.7 

4.35 

3.21 

2.38 

1.98 

1.64 

0.66 
-- 

f 

19 



I Table N. 

20 

Dow metal 

XaTneaium 

Electrun 

These two v i emoin t s  coexist  i n  a l l  a i rplanes,  though i n  

d i f f e r e n t  desrees. I n  the usual  s t ruc ture  with sp 

I 

I 

a c t l y  w5en the s t r e s s e s  a r e  local ized in special  me 

s e c u r i t y  according t o  Sai-nt Vemnt plays t h e  pr inc  

I t h e  contrary, when the stresses are transmitted by  t 
as  i n  the case of stressec coverings, the secur i ty  

Eu le r ,  dominates. The s t ressed  covering does not, h 

clude the l o c a l  forces ,  iIO more t k n  the  systems w i  

i n a t e  the danzer of buckling. This is why we do no 

any d e f i n i t e  conclusions on the  basis of the estim 

a i rp l anes  designed. 

For i l l u s t r a t i o n ,  l e t  us seek, in  the p a r t i c u l a r  case under 

consideration, (namely, s t  ressed covering6 of sheet metal o r  wood) 

1 t h e  lhit of a c t i o n  of the d i f f e ren t  c r i t e r ions  and, more p r e c i s e  i 
~ 

l y ,  the  lhit betneen the  secur i ty  according t o  Euler and the 
I 
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secu r i ty  according t o  Saint Venimt. This aiitounts t o  determining 

uilder nhat conditions the  load on the flange, at the  moment when 

t h e  Sending causes t he  gircer t o  3reak, is l e s s  than the criti- 

cal Suckliiig load. We w i l l  then see how t h i s  condition citn be 

a r t i f i c i a l l y  modified so as t o  e lb i ina te  the  r i s k  of buckling. 

Since the  flailge is  very tk in ,  it may be assumed that all 

t h e  sa- t te r  is equally distarit f rm the r o t a t i o n a l  a x i s  of the 

c r o s s  sect ions w h e n  the girder ?xnds, and that consequently its 

loadinF,: i s  uniform. The condition is then expressed by 

RS knqi Z being t5e f r ee  distance between the points  of 

a t t achnea t  of the covering; aild k, a coef f ic ien t  which var ies  

from 1 t o  4, when the covering is held between two points ,  ac- 

cor6inS t o  the degree of f i x i t y .  Let us r e c a l l  that w e  take 

k = 1 f o r  2 f r c e  her ispherical  ends; 

k = 2 f o r  1 f r e e  ead and 1 fixed bu i l t - i n  end; 

k = 4 f o r  2 fixed ecds. 

Let us note f u r t h e r  that 

load,  but  more of ten  the  load which it i s  not desired t o  exceed 

i n  the designing. 

r ad ius  of gyration of ,the covering, it becomes 

R nay denote not  only t h e  breaking 

If  ve put j" = i, i n  order t o  introduce the 

In  order t o  f i x  the  ideas, l e t  u s  assume that the  value of the . 
degrees of f i x i t y  of the covering renders it possible t o  assign 

t o  IC t he  value 2 and that t h e  dis tance between the ribs or 
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Glucinurn 

S t e e l  a t  40 kg/m2 

Dura lw in,  am ea1 ed 

22 

16.5 m 

19.8 If 

23.6 If 

t h e  bulkheads is 600 lllin (23.62 in.)  and 

thicknesses  f o r  tne d i f f e ren t  materials 

33.4 $I 

34.2 I' 

34.2 

34.4 'I 

38.8 

39.0 It 

I 

boards of the thickness e. Then j2 = 

Elect-, cas t  

R \1/'2 
e > 4 - ~ ( ~ ,  m. For  the  1 h i t i D g  values  of e, we obtain t h e  

numbers h Ts.ble V. 

Table V. 

26.0 If 

calculate  t h e  l imit ing 

employed in p la t e s  or 

12 
- e2 and we find tat 

Duralmin, treat&, 
and aged 

ZEaqnes iuri 

Dow n e t a l  

S t e e l  a t  120 kg/mm2 

Electrum, forged 

Wood at 7 k$m2 

33.0 mm 

These valEes a r e  very siEilar f o r  the usual materials.* In th i s  

l i s t  there  aye oilly two t3.cki-lesses correspon6ing t o  ac tua l  co- 

s t ruc t ion :  13.8 ;nm (0.78 in.) at 40 kdm2 (56,894 lb./sq.in.), 

correspondiiig t o  the dinensions i n  naval construction; 25-33 i;ul 

(0.98-1.3 in.)  f o r  wood, corresponding t o  boat hulls o r  t o  the 

wings of 3-10 ton airplanes w i t h  s t ressed  coverings- 

~~- 

*'I:iTr is bmause 2/Z d i f f e r s  but l i t t l e  f o r  these materials. 
c i - - ce  this zoef f ic ien t  renders it possiSle  t o  c l a s s i f y  the mater- 
j s l s  a c c o 5 i n g  t o  the magnitude of the def lect ions f o r  t h e  same 
safety fac tor ,  t he  values a r e  giverr i n  Table V I .  

? .  



1; A. C. 4. Technical Mexorandum Ho. 447 

0.001%5 

0.00180 

O.GO256 

0.00300 

0 . 00310 

23 

- 
G l u  c inmn 

S t e e l  a t  40 kg/lmn2 

Duralu:nin, annealed 

Wood a t  3 kg/!z?mS 

E l  ec t r u n ,  cas t  

D u r alwLi in, hardened 

Stesl n t  100 kg/rm2 

Table V I .  
7 

Du ra lum in ,  hard en ed 
and aged 

E l  cct rum, forged 

Wood a t  7 kg/mm2 
I 

0.00500 

0.00512 

0.00535 

0.00535 

0.00 540 

0.00690 

0.00700 

These nunbers must be regarded, moreover, as simply indicat-  

in?* a n  orcier of mapi tude.  

s t r c s s c d  well below 40 kg/nm2,  (56,894 lb./sq. i n . ) ,  which reduces 

t h e  c r i t i c a l  thickness as above defined. It i s  t rue  that 2 ex- 

F o r  cxmple,  on ships t h e  s t e e l  is 

e cecd:: 630 xm (23 .62  ia.) ,  but it w i l l  b e  seen that i t  is  jus t  be- 

cause of thc r i s k  o€ buckY.ing tha t  i t  i s  not used so  much. 

t h i s  r i s k  i s  ciici;iated, as we shall show f a r t h e r  on, the working 

When 

s t r e s s  can b e  increased. 

Lct us solve the  i m c r s e  problem. Given e, 1, IC, we f i n d  

t h e  c r i t i c a l  load of buckling t o  be 

e2 F o r  s t c c l ,  E = 22,030. Consequently, R = 36,000 - 
L 2  

Let us take  f o r  2 and e t h e  values given i n  the rules of 

t h e  “Surcau Veritas1I f o r  s t e e l  ships: spacing of t he  ribs between 

thz coll-isioii bulklncnd aild the  caboose; thicknesses of outside 



coverizg of t3e bottom and of the rricidle w a l l  (1926 edi t ion,  

Tzble 11). 
Table V I I .  

I I 

1 C r i t i c a l  load 
kg/m2 

- ~ -- 

170-305 1 555 I 7.0 

3 31OO-3G800 

&5000-710~ 

1065-1465 1 605 1 9.0 

7350-8740 1 705 13.0 

840 18.5 

22. 0 930 
i - 

16900-18 330 1 765 1 15.5 

5.7 

8.0 

12.2 

14.8 

17.5 

20.0 

I 
4 The c r i t i c a l  load is very s x a l L  i n  t he  small scant l ings,  

where it liaits 

la rge  s t ruc tu res .  This i s  because efZ increases w i t h  the  lon- 

gitudinal mixber. 

adxissible f lexure,  but it increases  i n  the I 

1 

In any case, it is raarkable that the pro- I 

gress ion  of the a t h i s s i b l e  1oa.ds is p rec i se ly  the one pointed 

o u t  t o  the IIAssociation Techcique ffarithell by the authors  men- 

t3ereforc  probably’ be a t t r i bu ted  t o  the  buckling and can be cal- 

l 

t ioned, a f te r  experiaental  coilfirnation. This  l i c l i t a t ion  should 
I 

cu la t ed  by Zulcr* s f ornula.* 
l 

It follows from t h i s  that, i n  mal l  skips, t he re  is no ad- 
I 

vantagc i n  us ing  b i+- res i s tznce  s t e e l s  f o r  the  coverings. It 

* I n  o rdc r  t o  j u s t i f y  t h i s  increase i n  the  adinissible load, it has 
been suzgested that it  ~ e . s  only amaren t  and that, i n  r ea l i t y ,  
t h e  bmCii:g i;oxent increzses less rapidly t h n  i s  supposed. Nev- 
e r t h e l e z s ,  t he  increase in  length  afld tine relative diminution of 
t h e  Lepth, due t o  the l i i z i ta t ion  of t h e  water draft, render it 
d i f f i c u l t  t o  assume constancy of t hc  bcnf-ing fatigues w i t h  in- 
c r eas ing  di;ii216ions, the  r e l a t i v e  m i g h t  of the hul l  remaining 
t h e  sme .  

______I- 
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is, in  f ac t ,  E and not R which l i m i t s  t h e  admissible load. 

I t  could, on the  contrary, be  increased b y  t h e  methods which we 

w i l l  stud7 i n  f u r t h e r  d&ail  i n  comect ion w i t h  aeroriautic con- 

s t r u c t i o a .  

vhen the vreigh-t of t h e  s t r u c t u r e  will l i m i t  the increase i n  the  

dixensions. All depends, i n  f a c t ,  on w h a t  hypothesis i s  made on 

t h e  var ia t ion  of the tsiorking s t r e s s .  If the  same is  retained 

as f o r  sixall s t ructures ,  it would. surely be pessimistic.  I f ,  

w i t h  the  saae mater ia l ,  t he  v a r i a t i o n  i n  the  working stress 

should 3 e  extrapol-ated, it would be opt imis t ic  because, a f te r  

reaching the thickness f o r  which buckling is  no longer t o  be 

feared,  $?Le qorkiag s t r e s s  r m s t  rermin constant. A t  t h i s  moment, 

however, a s t ronger  s t e e l  can be  chosen and thus the  admissible 

s t r e s s  can b e  increased anew. 

.. 
It i s  o’oviously very 6 i f f  i c u l t  t o  p red ic t  the moment 

(L 

Ii a i r c r a f t  construction, t h e  c r i t i c a l  thicknesses, except 

f o r  wood, a r e  m c h  p e a t e r  than the thicknesses corresponding t o  

t h e  present s i z e  of our a i rplanes.  

therefore ,  w i th  t he  system of s t ressed  covering, t o  use the  mate* 

i s l s  a t  their  f u l l  -mechanical p o s s i b i l i t i e s ,  because t h e i r  fail-  

u r e  by Suckling would precede t h e i r  faPlure i n  Sa in t  Venant. 

F o r  exai:lple, i n  the f irst  s t a t i c  t e s t  of a small a i rp l ane  of 

It would not be  possible,  

, 1590 Bg (3307 lb.) of 1.6 min (0.063 in.)  duralumin, the working 

s t r e s s  d id  not exceed 10 kg (22  lb . )  f o r  a maximum s t a t i c - t e s t  

coe f f i c i en t  of 9. 

nentary mater ia l ,  it was possible  t o  pass t o  the coef f ic ien t  12, 

Oil s t i f f e n i n g  wi th  1 kg (2.2 lb’) of supple- 
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t h e  lo& in  the  coverirs  reaching an average of nearly 17 kg/ma2 

(24,180 Ib./sq.iil.). It is obvious that, even a f t e r  t h i s  stif- 

f esing, we are s t i l l  far below the  breaking s t rength  of dUmlw 

m in .  

Before passins  t o  the %easur& vhich enable the  elimination 

of the risk of buclcling outside t h e  l i n i t s  of employ, it is  in%- 

e r e s t h g  t o  s ee  on w h a t  eleizeiit the  c r i t i c a l  thickness of the  

~ 

1 

coveria3 Cepends and t o  exarrtine t h e  ro le  of the  coef f ic ien t  

z / J ~  
t h i n k  of ciirainicking 1 ,  that is, of zu l t i p ly ing  the  ribs be- 

cause, i n  t h i s  m y ,  we would l o s e  xhat we would gain on the 

flanges, but i t  is  necessary t o  make k maximum, i .e. ,  t o  make 

i t  give t o  the covering t h e  maximum degree of f i x i t y  at  each 

rib.  For  th i s  reason, the ribs imst not  be very l i g h t ,  as i n  

13 o d e r  t o  make it as small as possible, we cannot 

t h e  usual s t ruc tures ,  but verita’ole bulkheads f ixing,  a t  the 

same t k :e ,  t he  posi t ion and d i r ec t ion  of the  covering wi th  ref- 

erence -lo t h e  a t t a c h e d , .  They m i l s t  ’nave a good width and t h e i r  

f l anges  nust be carefu l ly  coniiected w i t h  one another, i n  such 

manner as cot t o  deform, and espec ia l ly  ilot t o  warp one another. 

If PS could thus mke k = 4, t h e  preceding thicknesses would 

5 e  &ivi&ed 5 y J 2 .  
7 

Another conclusion from t h i s  formula i s  that there  i s  no 

advantage i n  varying the  thickness of the covering* f o r  example, 

from the  f ixed  end t o  the t i p  of t he  wing. 

f a c t ,  cr” going below the  c r i t i c a l  thickness and thus being unable 

Tbere is  danger, i n  
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30 u t i l i z e  f u l l y  the res i s tance  according t o  Saint Venant. 

would be b e t t e r  t o  diminish as much as poss ib le  t h e  chord of the 

nine - on which the covering i s  subjected t o  s t r e s s ,  so that, tak- 

i n 6  account of the var ia t ion  i n  the  tnickness of t h e  wing, w e  

would ;lot Five t o  va ry  the  tkic!mess of  t h i s  covering. 

tern consists i n  not t ry ing  t o  subject t h e  covering t o  stress on 

a por t ion  of t he  wing chord a-id i n  re turning t o  t h e  box g i rder  

1% 

This sy6- 

sys tem.  

These r e s u l t s  can be 3rea t ly  improved b y  increasing j2= S 

o r ,  inore precisely,  the r a t i o  m = J  e 

c a l  i n e r t i a  of a covering of given thickness.  

xhich character izes  t h e  lo- 

For a sheet 
l 2  A =  j " -  -- 

S 12 ' 

kn?E i 
1" ' % :- on taking accwnt  of i e2 s, 

5,el 'cre  considering the  processes employed f o r  obtaining this 

l o c a l  i:.-:ertia characterized by  m, 

qu i red  for m 

l e t  -LIS f i n d  t h e  values re- 

i n  t h e  order of fiiagnit.de of our airp1-anes and ac- 
17 cordiiig t o  t he  mater ia ls  used. We wil: .  put n! = - - - -  so 

C.539' 
t h a t  i i i t  = 1 f o r  a metal p l a t e  o r  a boc;,rd.. 'ThQ c?l~: 'f j .cient rnt  

~ ~ : i l . l  clicrracterize the r a t i o  i n  which a r~a,$ze?::;:,l ::il_~b.t S e  st i f fened,  

iT! o16.c~ t o  reiiiove the dacger of buckling; i;ilat i s ,  the  degree of 



portio:i:s.I tc thc coefficient of ctiffcxing. 

. 
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wood at 3 kg/& 
I I  5 I1 I I  

Wood,at 7 kg/m2 

Electmn,  cas t  

Duralumin, annealed 

Gluc inum 

Duralumin. ha rd 8ned 

Stee l  a t  40 kg/rnrn2 

Magn e s i u n  

Dow metal 

Electrum, forged 

Curalum in,  hardened 

S t e e l  a t  100 kdmmz 

S tee l  a t  120 kg/mm2 

and aged 

. .  

Table VIII. 

Wood a t  3 kg/rm2 ( d  = 005)  

II I I  5 II  (d = 0.5) 

Wood a t  7 kg/rm2 (d = 0.5)  

I1 II 3 I I  (a = 0.8) 

I t  I I  5 I1 (d = 0.8) 

Glucimm 

Wood at  ‘7 kg/mm2 (d = 0.8) 

Dow rJetal, forged 

Electruii,  ca s t  

Ma ane s ium 

Dural:.xiii, airlealed 

E lec t ru i ,  forged 

DuraluAin, haxdened 

Duralua: ir;, haxdened 

s t e e l  a t  40 >;g/inrn2 

I I  I I  7 nn 11 

and. 

S t e e l  a t  120 kg/mm2 

0.0274 

0.0353 

0 0409 

0.0438 

0.0555 

0.0646 

0.0670 

0-0955 

0 1005 

0.124 

0 147 

0. 150 

0.170 

0.208 

0.333 

0. 526 
0.577 

0.164 

0.353 

0.164 

0.79 

1.01 

1.415 

1.535 

1.71 

1.75 

1.83 

2.62 

2.86 

6.75 

8.90 

These r e s u l t s  a r e  s-amarized ia  Fig. 3,  vrhich i l l u s t r a t e s  

t h e  advantage of l i g h t  mater ia ls .  

and Fig .  3 shows that m 

wood t o  t h e  l i g h t  metals an$- from the  l a t t e r  t o  s t e e l .  With 

equa l i ty  of weight, s t e e l  a t  100 kg/iW (142,235 lb . /sq. in . )  must 

A;z examination of Table VI11 

increases  considerably i n  passing from 



, I  

be s t i f fened  16 times as auch as wood, hardened duralumin 5 time8 

. as much, masxesium 3.5 times as  inuch. With equal i ty  of Safety 

stress, s t ee l  a t  100 k d d  must be s t i f f e n e d  19 times a6 much a8 

wood, 'nardend duraluzin 4.5 $ b e s  as much, and mapesiun 5 tb.ueEP 

as much. 

Let us see t o  w h a t  value o f :  I nl we would be led, i n  the or- 

der of aagnitude of ex is t ing  a i rp lanes ,  i n  order t o  concrete 

t h e s e  resu l t s .  

i n . )  covcrin3 of dura1a;iin a t  27 kg/m2 (38,400 lb./sq.in.) .  

Let us  a s sme ,  as  Sefore, that k = 2 and 2 = 600 (23.62 in.) 

and Oetemine the corresponding thicknesses of the  other  materials 

and the  value of m' i n  a l l  tCese a s e s ,  necessary t o  eliminate 

the &an;Scr of buckling. 

t h e  covering is  t o  be determined e i t h e r  by equal i ty  of weight o r  

For t h i s  purpose, l e t  u s  begin w i t h  a 2 mm (0.08 

l e  w i l l  assume that the thickness of 

b y  equal i ty  of s a fe ty  fac tors .  

a b l e  t o  Cetermine t h e  r e l a t i v e  weights of the covering. 

versions would give the r a t i o  of the f a c t o r s  of s a f e t y  w i t h  

equa l i ty  of weight. 

I n  the lat ter case we w i l l  be 

The in- 

A l l  this  is sum& up i n  Tables V and V I I I .  

Table I X  indicates  the values t o  be assigned t o  the coeffio- 

i e n t s  m or m' i n  order t o  be able t o  pass from t h e  consider- 

a b l e  and obsolete thicknesses indicated i n  Table V t o  t h e  thick- 

nesses  which would be used i n  s t ressed  ooverings on present-day 

airplanes. These values lie between m = 1.41 (a  value very 

easy t o  o3tain)  f o r  woods used under a small load, and 77 for  

s t e e l  a t  120 kg,'m? (170,682 Ib. /sq. in . ) .  They would be dimin- 
I 



1S.A. C . A .  Technical- Kezorandurr, 110. 447 31 

ished o r  increased according as one would be led by the  calcula- 

t ion of Saint  Vemnt t o  employ thicknesses grea te r  o r  smaller 

than  2 mn (O.Ot3 in.) for duralumin. They are inverse ly  propor- 

t i o n a l  t o  the t i i ichess  and d i r e c t l y  proport ional  t o  the d is tance  

between bulkheads and t o  the 3/2 power of the assumed load. It  

should be noted thzt m does not a f f e c t  t h e  weight of the  s t ruc-  

t u re  and c’mracterizes only a forrn of employment of t he  materials.* 

Lackiilg an adequate value of m, supplementary weight6 would have 

t o  be used. Generally, however, m w i l l  lead t o  high conversion 

c o s t s  o r  t o  d i f f i c u l t i e s  i n  nounting, i. e., t o  an increase i n  the 

c o s t  of construction. The use of standard sect ion metal  o r  p l a t e s  

might, however, reduce construction cos ts  t o  values which would 

n o t  b e  prohibi t ive.  

Section III w i l l .  show how the re  ‘have been given o r  how it 
t o  

has been proposed t o  give! r;l values of the order of magnitude of 

those  indicated i n  t h e  preceding table.  

*If Pcczalski’s  l a w  were exact, rx 
y r o d m t  of t h e  a s x m e d  load x i l t i p l i e d  by  t h e  ntoclic weight. 

would be proportional t o  the 
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11 u 5 11 (d = 0.5) 
Wood a t  5 k e / i  (d = 0.8) 

(d = 0 . 5 )  It I1 

(d = 0.8) I1 ll 

Stee l  at 40 1lcg/m2 

Table IX.' 
I Capar i son  of thickness, weight and stiffening, according 

0.322 I - 2.84 11- 6 
1. 317 4.55 7.25 

0.638 2.21 11.5 I 

1.02 3.53 7. 25 
I 

5.75 19.9 0.75 I 

. 

43.2 
46.5 

t o  t h e  materials used. 

E q u a l i t y  of weight 

Om 75 
0-75 

I m = 2 3 . 3 d m  

1.51 I 5.22 Glucinum at 40 I1 

I 

rnl =80.7d fi 

3.22 I 

L 

m' e 
1 3 

Wood at 7 kg/mnZ (d = 0.5) 0.955 

(d = 0.8) 1.56 7.25 I1 n 7 II 

12.5 
13.42 

1 11.8 1 2.30 
Duraluin,  nmealed at I 

20 kF.Jiim2 - 

I 2.88 
13.7 

16.7 

10.0 - 

2.00 

2.00 

3.4 

Electrm, cast 12.32 I 8.05 I 3.2 

I1 forged 

Dow rnetal at 34 kg/m2 

I 
3.5 

2.22 

12.1 

7.7 

3.2 

3.24 



Table IX (Cont.) 

Corrparison of thickness, m i g h t  and st  i f f  cning, according 

. --. 
%qual i ty  of safe stresses 

11 II 3 11 (d = 3.5) 

I f  If 3 11 (d = 0.8)  

II I’ 100 - 
S t e e l  at 120 kg/mi2 

Duralumin, aanealed at 
20 k$ixy” 

~- 

El 
4 

1.465 

1.465 

0 . 883 
0.883 

0.41 

0.41 

4.26 

16.8 
;.;z . 2 

2.52 

3.96 

7.15 

- 4.47 

1.93 

6.5 

4.. 57 

3.54 

rl: 1 

5 

5.07 

5.07 

3.05 
1.412 

1.412 

I. 412 

14.7 

5a 
77 

8.7 

1 3  7, 

24.7 

- 15.5 

6.7 

22.5 

15.8 

12.25 

R 
rn l  = 8.653%. 

e 
6 

rnm 
7.7 

7 . 7  

10.8 
10.8 

18 

18 

1-35 

00 54 
0.45 

2.7 

2.0 

1.35 

- 2.25 

3.8 

1.71 

1.59 

1.35 

Rela t ive  
weight 
7 

0.66 

1.06 

- 0.93 
1.49 

1.55 

2.48 

1.81 

0.727 
0.605 

1.35 

1.00 

00674 

0.66 

1. 18 

0.532 

0.49 

0.422 
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1x1 

Diff ermt nays of ia2ayting the necessary r i g i d i t y  

t o  the covering. S u l t i p l e  thic’messes, s t i f fen-  

era ,  co r rup t ions -  Proposed solutioils. Pract i -  

c a l  d i f f i c u l t i e s .  

TLe -;jroposed :iet;iods of construct ion might be c l a s s i f i ed  

s y s t c m t i c a l l y ,  e i t h e r  f r o g  the  viewpoint of r i g i d i t y  o r  f ac i l -  

ity of fss tcainz.  Tie ingenuity of inventors and nanufacturers 

i s  ’osir,g unt i r ing ly  devoted t o  t he  la t ter  problem and we w i l l  

not drre’ll Oi l  i t  >ere. We ail1 consicer all t he  possible  methods: 

Xv&1tii1g by sqrzmt e elezent s;  

Openings yhich enable t%c  passage of t he  hands and head*and 

which a r e  closed at the  las t  ament;  

Tubular r i v e t s  w i t h  eyes through vhich t h e  r i v e t s  ca.n be 

closed fron the  outside b? :L;cr~i~ of e special  tool ;  

Sys tms  desigaed +,o arrange the j o i n t s  i n  such a way that 

the  coveriag caa be  r iveted ea t i r e ly  from the  octs ide,  ni thout  

including, f o r  oxceptior,nlly &iff  i c u l t  r ivet ing,  t h e  use  of s e t s  

of nirm-ls or p l i e r s  of c m p l i c a t d  design an6 snail-bodied ap- 

prentices nho can crenl inside the wings.* 

Thc mthods used f o r  b y a r t i n g  a h i @  value t o  ra can be 

c lnqs i f  i d  3 s  I”o1lots;s: 

*This  syst rx i  requires  a project ion on the viiig which is  u t i l i z e d  
on ly  012 covcrings pGrt ia l ly  stressed, the j o i a t s  being p a r a l l e l  t o  
t h e  ribs, 2ornier  :lethod, Wibault fold.  
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The f i r s t  method consis ts  i n  mploying, instead of a s ing le  

and 11 = 1, f o r  example, two 2 - c 2  thickness  e ,  f o r  vliich j - - 12 
p l a t e s  of thickness e/2 separated b y  a dis tance f ,  f o r  which 

if f i s  large is coinparison wi th  e. f o r  - I > ,  e ". 
I ?  For c:mnplc), m e  obtent ion of the values of x t  iildicated i n  2 

Tab le  IX, colurr,n 6, -:~o-ulC- require:" 

WOOC"~ a t  5 kg/:m? - f o r  f = 19.0 TJT 

3tC:cl at 100 k&.3 -- f o r  f = 19.4 EX 

(7112 lS./oq.i.?.) (0.75 in . ) ;  

(142235 13./sq. in. ) (0 .76 i n . ) ;  

- f o r  f = 19.8 i-m 
(0.78 i n . ) .  

The cmi7onents of the double covering a r e  therefore  very 

thiii, x x b  t h i r a e r  ttar, those erriploycd i n  -;lava1 construction. 

If t h e  t7-x coveri;igs a r e  separated, the i n e r t i a  of the s ingle  
*This  ?;z!om.ts t o  =;ivin,s f p r a c t i c a l l y  double the radius  of gy- 
ra t ioi i  or" the  boards o r  p l a t e s  whose thickness is  given i n  Tzble V. 
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covering woulr?. be theore t ica l ly  increased, but t he  t o t a l  i n e r t i a  

I of t h e  girder  would Se decreased. soreover,  for  t h e  two l aye r s  

t o  be included i n  -;he i n e r t i a  of t he  covering, i t  i s  necessary 

for t h e  comect iom be-taecn tken t o  5 e  adequate, so  they can be 

considered ;2s cons t i tu t ing  a s i n g h  Covering-* 

OSriously there  is a 5.i.ifferexe -actween such a double cover- 

in,n: .> a:id those mp?.oyed in  :lava1 construction. 

nade 5 y  a u c i n g  t o  s5are in tne resis tance t h e  p l a t e s  near the  

end ylntcs ,  zade continuous f o r  t h i s  purpose and which would 

othermise c m s t i t u t c  a dead ?eight fron the  viewpoint of resist- 

ance,  but t h e  Irutual a i d  of two adjacent p l a t e s  i n  preventing 

t h e i r  indiviciusl buckliizg betmeerr beans is  due largely t o  sect ion 

i r o n s  placed at the ends of the diagonals and floor boards o r  t o  

t h e  comiectiag bulkheads. Ccvertheless, the t o t a l  i n e r t i a  of the 

c e l l u l a r  region helps t o  prevcxt the buckling of t he  whole between 

the suyyorts const i tuted bjr t'ze l a rge  transverse frames o r  bulk- 

heads. In aeronautical  comtruc t ion  it i s  d i f f i c u l t  t o  work in 

t h e  mall space s:nclos& i n  the  double shel l ,  so that the use of 

s p e c i a l  section i rons  G r  moden blocks shaped in  advance has been 

cons ider  ed. 

In ships it is 

The use of s t i f f e n e r s  m k e s  it possible  t o  eraploy a single 

coveriag. The i n e r t i a  of t'ne coverixig i s  reinforced locally. If 

t h e  connection between the  s t i f f e n e r  and t'ne covering is a d ~ ~ t e ,  I 
*Of course, the connections 2nd the longi tudinal  p a r t i t i o n s  can 
be incluiiedl i n  t3e  sect ioi i  of covering, so that the thickness 
e, as given iii Table I X ,  a n  be somewhat reduced. 
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a x i s .  

in order t o  T ) T O ~ U C O  t h i s  co-ndition, t h e  s t i f f e n e r s  must b e  

very Ilmr O i l e  a.not:_?er, whic3 c i t a i l s  g r s t  d i f f i c u l t i e s  of exe- 

cut ion.  

i n t e r v a l s ,  ::c tha , t  we ca.n-r,o% i;,troduce t h e  t o t a l  energy of t he  

CoveriZE into Zulerl s TLomi~? a. 

t h e  p l a t e  on t h e  r i T 3 t  o i  eacl: s t i f f e n e r  alia re turns  t o  t h e  plat- 

i n s  a t  t h e  xibJ1e of tbe i n t e r m l s .  

t h e  time of -the s t a t i c  t o o t ,  t l-ere i s  a b l i s t e r i n g  between t h e  

s t i f f e n e r s ,  so t a t  t h e  l a - f t e r  a r c  t he  only stressed elements 

sild ;:.ust be reinforced alicw, when t h e  Tla t iag ,  reduced t o  t h e  

r o l e  of covering, i s  t o o  heavy f o r  t3is purpose a lonc .  

ten1 of styessed covering i s  Therefore converted into a system 

Ti t? ,  : m h i p l e  longerons wit 2 %he a6;;ravaticg coiidition that the  

flanges are  I;ot adequately joiaecl and there  i s  no economy i n  

weight nor p i n  i n  securi ty .  

prove Q plate wkiich i s  lacki:-(;. i n  yigi&ity.  

T i t h  i t a  ow; riglcLl;y, Sut it s t i f f e n s  q u i t e  a sone of the  cov- 

.-, ,,e e r e  then l e d  t o  z s e  l a z e  s t i f f e n e r s ,  a t  too long 
I 

The neutral ax i s  n?oves away f ran 

I 

Sxperience proves tut, a t  

The sys- 

_ -  A.evertheless, a s t i f f e n e r  can ~PI- 

It not only helps 
. ' . A  

e r i n g  iil i ts v i c in i ty .  



For exa;;rple, l c t  2s calcillatc a s t i f f e n e r  conposed of bands 

normal t o  the  platiDg, equ id i s tmt  and of the same tnickness e,, 

as the -2latiag. 

d i s t a n c e  p Then the  a x i s  of i n e r t i a  i s  at  a dis tance el 

Let us a s s u e  their width t o  equal t h e i r  equi- 
p, 

hc p la t lng  aad the mrtia of a band of width g e, be- 

comes 

The s e c t i o n  is 2p, el2 and the radius of gyration i s  

j = 0.46 p1 el. 
o r  pr 

If it is asgdacd tihat we haTJe t o  do w i t h  duraluTin a t  

27 kg/;m2 (38400 lb.,/sq. in. 1 held every 600 m (23.62 in.) w i t h  

k = 2, the  value of j e a 3  be de&uced d i r e c t l y  from Table V. 

Xf it  is  assumed that the sane sect ion be employed a s  i n  

t h e  s i a p l e  covering whose thickriesses a r e  given i n  Table IX, 

then e w i l l  b e  1 i2xa (0.04 in . )  instead of 2 ~ r n  (0.08 in.) and 

we w i l l  have 

i n g  can be obtained by subctituting, € o r  a s ingle  p l a t e  2 m 

th ick ,  a 1 i-m p l a t e  s t i f fened  every 17.5 mn by a band 1 am t h i c k  

and 17.5 tm wide. 

and width of the  s t i f f ene r s :  

p, = 17.5 ;m (0.69 h.). Thus a n  adequate s t i f f e n -  

In the sane maimer live f ind  f o r  t h e  in t e rva l  
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For  wood. a t  5 kdxn2 (7112 lb . /sq. in . )  21.2 mm (0.835 in.);  

'I s t e e l  100 (142235 II ) 20.2 'I (0.795 I' 1; 
magnesium 21.9 (0.862 'I ).  

In  the  same manner we could ca lcu la te  t h e  d i s t r i b u t i o n  of t he  o ther  

s t i f f  e-ilers, such as the standard sect ions,  bulb angles ,  etc., 

used i n  -naval construction. The p r inc ipa l  d i f f i c u l t y  ( lessened 

in  naval construction b y  h o t  r ive t ing  and welding) i s  t o  secure a 

c l o s e  union of the  p l a t e s  and s t i f f e n e r s .  

Corrugations l ikewise render it possible  t o  increase the in- 

e r t i a  of the covering with only a s ingle  thickness. Moreover, 

t h e y  a r e  easy t o  make. Let u s  assume, for example, that they are 

semicircular w i t h  a radius of r, i f  we disregard e2/r2 before  

un i ty ,  the i n e r t i a  of such a p l a t e  i s  TT e r 3  and j = - 
s tead  of =. f o r  a flat, p l a t e .  

in- r 
1 n C 

IJ12 

Experience shows that  the result of t h i s  ca lcu la t ion  i s  op- 

t i m i s t i c ,  due t o  t h e  f a c t  that w e  have considered a se r i e s  of 

complete corrugations, l i k e  so  many closed tubes. A s  i n  t he  

case  of the  s t i f f e n e r s ,  t h e  l i n e  of i n e r t i a  of the covering i s  

not  a s t ra ight  l i n e ,  but an undulating curve, which approaches 

t he  covering more o r  l e s s  closely. . 
Moreover, t h e  corrugations, which should be  employed in t h e  

d i r e c t i o n  of t h e  span, have the serious disadvantage of impart- 

i n g  a sinuous path t o  the a i r  flow around the  wing and of thus 
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diminishing the fineness of the prof i le .  

ex t e rna l ly  only ia  the  d i rec t ion  of the ribs. 

t h e  covering can no longer b e  regarded as a v e r i t a b l e  stressed 

covering. 

a n  in t e rna l  s t ruc tu re  of spars or girders.  

from the l a t t e r  consis ts  i n  u t i l i z i l l g  corru-Ftions as local stiff-  

Hence they a re  employed 

In the la t te r  case, 

These corrugations a r e  therefore  associated only w i t h  

A method derived 

eners .  

O f  course t3e  various processes just enumerated c 

t o  s t i f f e n  the p l a t e s  i n  the d i rec t ion  of the  span or 

r e c t i o n  of the chord; also crossed corrugations and st 

or c e l l u l a r  sys t ems  w i t h  rectangular meshes. 

Figs. 5-16 i l l u s t r a t e  the methods employed by va r  

s t r u c t o r s ,  as taken from patents issued in France. 

The dis tances  a r e  about f i v e  times as great i n  Ishervood' s 

systein (Fig. 4) as i n  the c l a s s i c  system and the danger of buck- 

l i n g  had t o  be combated b y  special  s t i f f ene r s .  

Stressed-covering coastruction appears t o  have been f irst  

ir,tro&uoed i n to  aeronautics by t h e  Nieuport fuselage,  but it was 

i n  Germany, and doubtless because of the  experience acquired i n  

t h e  construction of Zeppelins, that t h e  ru l e s  of construction 

app l i cab le  t o  s t ressed  wing coverings appear t o  have been eaunci- 

ated f o r  the  f i rs t  time i n  nearly complete form (1915-1918)* 

w i l l  mention t h e  met3ods of Junkers, Zeppelin, and Dornier. Since 

. t h e  war, the number of researches and inventions i n  this  conneo- 

t i o n  has great ly  increased i n  France (S.I.%.B., Hubert, Dewoitine, 
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De Boysson, WiSaul-t, Kahn) We w i l l  give a few cha rac t e r i s t i c ,  cx- 

ai-qlcs. 

Conclusions 

The chicf  conclusion from the vicw-point of t h e  employment 

of s t ressed coveTings i r l  aeronsiutics i s  that the s t r u c t u r a l  pro+ 

lei;? i s  t o  use the  minibum amount of n a t t e r  t o  give the  i n e r t i a  

and, iiiorc accurately,  "ihe radius of gyrat ion necessi ta ted by the 

danger of buckling. 

matcr ' ials emyosing them, t h e  s r e a t e r  the r i s k  of buckling. In- 

s t e a d  of ovcrco!:iing it by the  d i f f i c u l t  and expensive means which 

The mailer the a i rp l anes  and the  denser the  

we have pnsscd i n  review, weight i s  l o s t  instead of s h e d  on 

t h e  c l a s s i c  types of construction. We have not dwelt on all the 

d i f f i c u l t i e s .  The methods we have described a r e  o f t e n  s i l e n t  on 

t h e  question of  a t tachnexts  and openings and general ly  on the 

union w i t h  the s t ressed  l h e a r  eleinents. In t h i s  connection, i t  

i s  poss ib le  t o  l o s e  all t he  theo re t i ca l  saving i n  weight. 

T i n s  r e su l t s  a r e  not ye t  b r i l l i a n t .  In  s p i t e  of t he  r o l e  a t  

f i r s t  played by junkers and Dornier, t h e  covering i s  not stressed 

long i tua ins l lg  i n  e i the r  the Junkers commercial a i rp l ane  o r  the 

Dornier "Vhl.ll 

i n g  t e s t s  End xany investigations,  but t h e  only practical  air- 

In France t h e r e  have been several  very interest-  

. p lane  constructer? and tes ted  i n  f l igh t  i s  no l i gh te r  than air- 

p lanes  of the same class of standard design. 

Nevertheless, the question i s  a n  important one, because the 

smallest saving i n  weight i s  valuable i n  p rac t i ce  and the  trans- 
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mission of s t r e s s e s  by surfaces instead of bea.mg increases the 

sa fe ty ,  especial ly  from the  m i l i t a r y  viewpoint.* It is because, 

thus  far, the econoaic conditions of av ia t iun  have necessi ta ted 

kseping the c0nstmction costs  near those of the  previous methods 

of construction, that inadeqmte values of the  coef f ic ien t  of stif- 

f e n i n g  have been a t t a ined  and that not a l l  the economy of weight 

of which tha s y s t m  i s  capable, has been found. 

pursuing the  problem further aid improving the  r e s u l t s .  

There is need of 

These &if f  i c u l t i e s  .grow l e s s ,  as the  a i rp l anes  grow-larger. 

The s t ruc tu ra l  problem w i l l  jo in  that of naval construction, where 

t h e  s y s t m  of s t ressed coverings is the conventional system. The 

t r a n s i t i o n  w i l l  b e  easier ,  i f  demountability can b e  dispensed 
1 

w i t h ,  and if wood construction i s  retained, because the coeff ic i -  

ent  of s t i f f e n i n g  i s  mailer and consequently the transformation 

of t h e  crude s a t e r i a l  l e s s  d i f f i c u l t .  Lastly, when we can use 

" e x t r a  l igh t"  a l loys  in airplanes,  the  employment of metal cov- 

e r i n g s  w i l l  be f a c i l i t a t e d .  

In  ships t h e  secondary .risks appear t o  play t h e  same role 

as i n  airplanes,  and it seems that buckling must p a r t i c i p a t e  di- 

r e c t l y  i n  the calculat ion of the hulls. 

we have been a b l e  t o  make, show that we have the  means f o r  calm- 

The comparisons which 

lat ing  the e f fec ts .  Fortunately the thicknesses required are 

such that they can be easily improved without necess i ta t ing ,  a13 

*De Fleury,  "Les mdtaux le'gers au dern ier  Salon de l*A&onautique" 
i n  tfTechnigue Xodernq," January and February,, 1927 . 
Hauser, tlInfluence economiq\jre de la l d g b e t e  dans la construction 

d e s  navirestl i n  "Bullet in  de 1'Association Technique Maritime,n 
1890. 
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. i n  aviat ion,  t h e  v e r i t a b l e  elaboration of a spocial  material .  

A p p e a d i x  

Note o n  t he  C r i t i c a l  Load of Buckling. 

D i f f  crent For;mlas Iroposed f o r  Determining It. 

1-n t i ic prcscnt  t r c a t i s c  we havc a1?~3.;rS used Eulcr's formula. 

L 

Very i.lan;J cxperimnts,  however, have s'noi-:I t h a t  i t  would be bet-  

t e r ,  i n  cer ta in  cases, t o  use d i f f e r c a t  formulas, e i t h e r  Rankine's 

o r  Strand's (See a r t i c l e  b y  Soulagcs h. Iliiuvue Generale de 

l'Aero-mutiyucll No. 5, p. 124). 

For  thc c r i t i c a l  load with un i ty  of section, t h e  three for- 

mulas give: 

.-2 

S t rand: 

which can b e  wr i t ten  

We &id no t  think best  t o  r e so r t  t o  t h e  formulas of Rankine 
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aml S t r s r d  f o r  t h e  following reasons: 

1. Vhe:i it is a question .of cmparing mater ia l s  w i t h  one 

anotner ,  whatever fornula i s  used, consideration of b u c k l h g  al- 

~3,;~s imolves t h e  comparison of i / Z 2  f o r  the d i f f e r e n t  materi- 

als jecacse,  i n  a l l  the f o m 1 a s ,  it is  always in  terns of 

that  -the SreaZiny - load i s  deterxhed.  Consequently, t he re  would 

be m$!:in< t o  chaznge i n  our conclusions, i f  the  f o m u l a  of Euler 

mere yeplaced'bjr e i the r  of the  otker  formulas. 

i/t2 

2. Bf'ren it  i s  a question of de t emin ing  the i/f of the 

coverii:y xbich Fives - the'buckling, we have kept within the zone 

There the d i f f e ren t  m i t e r s  agree that Zuler 's  formula appl ies .  
# 

3 .  %oreosrer, &lml s f o m l a  corresponds t o  a well-defined 

object  and a2pears t o  be beyond cr i t ic i sm,  when it i s  isolated.  

It  assumes t h a t  the  ' m c k l i c s  girder fa i l s  through the  conven- 

t iona.1 process of flexure. T h i s  process presupposes e s sen t i a l ly  

t h e  iix5eforiaability of the  sect ion whose i n e r t i a  is  iatroduced 

i n t o  Zuler's formula, i.e., the i n e r t i a  of the compressed flange, 

which is the case under consideration. 

Euler's formula is therefore  appl icable  except i n  t h e  two 

f ollonin;; cases: 

a) Then compression plays a aore important ro le  i n  the 

des t ruc t ion  t k  flexure,  as in  t h e  case of a very short  girder.  

If tfie girder  is of zero length, me m s t  f ind the  load i n  pure 

* compression, which i s  exactly neamred on taking a very short  
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g i r d e r .  

I+ has bL-m found t o  give the  sa,Ee r e s u l t s  as Euler ' s  formula 

r/liec i / Z 2  i s  very sxall and t h e  breaking load zhen i / Z 2  i s  

ve ry  l a r se .  

%!ibinet s formula i s  therefore  approximately applicable.  

S )  :,%en t h e  cross  sec t ion  does not remain indeformable 

a f t e r  t h e  buckling begins. It  xust not b e  forgot ten that the  in- 

e r t i a  of the sec t ion  i s  introduced i n t o  t h e  conventional calcula- 

t i o n  of t h e  f lexure,  because a ro ta t ion  of two ad jace r t  sec t ions  

about a neutral  a x i s  i s  assumed. I f ,  therefore,  t h e r e  i s  a l o c a l  

buckl ing  an& not a 'buckling of the whole bctneen t h e  supports, it 

i s  at  l e a s t  not  possi5l.e t o  consider the buckling as a convention- 

a l  f lexure,  but i t  i s  an a r t i f i c e  f o r  introducing i n t o  t h e  calcu- 

l a t i o a  the  i n e r t i a  of only a por t ion  of t h e  section. Obviously 

we would thus obtain a c r i t i c a l  load which could be incomparably 

smaller.  This is  w h a t  haFyened i n  the sniall tubes invest igated 

b y  Soulages, which buckled under compression, but we must take  

f o r  1: t h e  radius of t he  tube o r  the radius of gyrat ion of the 

t h i n  wall, o r  an in t emed ia t e  term. 

i s  possible, the  load i s  s t i l l  fu r the r  reduced than i n  the case 

of buckling. 

. 

When t h i s  mode of failure 

In order t o  avoid th i s ,  it was proposed t o  s t i f f e n  the  walls 

of t h e  tube by corrugations, o r  the corrugat.ions themselves by 

s t  ill srnaller corrugations, p a r t i c u l a r l y  at a long dis tance from 

t h e  neutral  f i be r s .  Protect ion i s  thus afforded a g a i n s t  l o c a l  * 
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j uck l ing  (J-iiqkers p a t m t ,  Fig. 6). 

l i ne ;  iilrpears t o  &cpend on t 3 e  t rea tnent  of the n a t e r i a l .  

sca2s therefore that we mst not Sc. satisfied w i t h  E, 
d e t e r n i x  a pa r t i cu la r  coef f ic icz t ,  mhich i s  done i n  Strand's for- 

nula Jhcre 

vc,ry short -t;u5c, it load v a r y h g  according t o  the  specimcn. 1% is 

tlien 'mmonizcd a n a l y t i c a l l y  a i t h  E u l e r t s  fornula, when i / Z 2  i S  

This  tendency t o  l o c a l  buck- I 
I It 

but n u s t  
I 

I 
k, r q r e s c n t s  the breaking load by c m p r e s s i m  Of a 

V 2 ry Si-32.ll 

Thcrc s t i l l  rcr;ains i n  Zulcr's f o m l a  a n  indefini tcncss  re- 

\- sa ra ing  thc  value t o  be z s s i p e d  t o  k. In p m c t i c e  the re  is  no I 

clear d i s t i n c t i o n  bctaecn the a t t n c b e n t s  of the  e x t r m i t i c s -  

Tbe f l e x i b i l i t y  of t3cse attnck1eilts varies fron zero t o  in f in i ty ,  

--:hen 1: varies f rm 1 to  4. It qould 5 c  desirable  t o  undertzke 

p r e c i s e  exgcriacntatio-n ( n i t h  at l a s t  t3c precis ion of t he  "con- 

pare?' :.a& of the  logzencorf ia i r ror)  on the value of 

s h p e  a s s u x d  a f t e r  'oucl-linz, 77'Icil the usual methods of a t t a c b  

i n s  t2e coverings t o  the bec'.zls are  eyJployed. Such experir?.ente- 

t i o n  lou ld  supplemeat tbe wel l -hown experinents of %clot.  

I I 

k and t h e  

Influence of very S t i f f  E1aents . -  E l a s t i c  Buckling 

33en e l a e n t s  no t  ex2osed t o  buckling coexist  w i t h  t h i n  ele- 

ments, the %uckling of the l a t t e r  does not  e n t a i l  t h e i r  i n m e d i -  

a t e  f a i lu re .  

elexerrts. 

i n  the  v i c i n i t y  of the im?osed limits and i s  explained as follows: 

It seeas that they transmit the i r  loads t o  s t i f f e r  

This phenoreaon may save a s t ruc tu re ,  when it occurs 
. 
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Let us assume, f o r  s implici ty ,  a rf!odel cons is t ing  of a n  e l +  

n e n t  

those  of an elernent 0.1. 

l i n g ,  

t i o n .  So loilg as F . I .  does -not buckle, t h e  compressive load 

i s  equally d i s t r ibu ted  between F. I .  and G . I .  Let us see how 

it i s  d i s t r ibu ted  when F.I. buckles. The distribution is con- 

t r o l l e d  b y  t he  condition that the ends of G . I .  and F. I .  a r e  

j o i n &  a-i?d. that therefore ,  a t  each in s t an t ,  the chord of 

remains equal t o  the  length of G.1. shortened normally accord- 

i n g  t o  Hooke's law. If E is  the  modulus of e l a s t i c i t y ,  G O  IO 

mould 3 e  shortened by 1/E of i t s  length  f o r  every load incre- 

ment of 1 kg/im2. 

F.I .  wi th  a m a l l  i n e r t i a ,  whose extremit ies  are  joined t o  

of great i n e r t i a  not exposed t o  buck- 

'Let u s  a s s m e  these two elements t o  be  of equal cross see- 

F a  I. 

The elmlent F . I . ,  assumed, f o r  example, t o  be held be- 

tween f r e e  round ends, takes t h e  shape of the l i n e a r  element of 

Bernoul l i .  The load R and the  shortening A a r e  given by t he  

f o m u l a s  

(Accordil=g t o  Bouasse, "Resistance des mat6riaux" and "Math& 

mat iques yine'rales. 1 1 )  

HI and X2 depend on e l l i p t i c  i n t eg ra l s  and sirnultanecrusly 

t a k e  the fo l lowi i lg  values: 



- -  n2 - 2.4673 1 
4 

0 

2.4676 0.39987 0.09026 

2 4631 c.33935 0 . 00130 
2.4703 0.39873 0.30254 

2.4734 0.297 59 0.00482 

2.4768 0.39628 0.00744 

For a mall overload on the c r i t i c a l  value, the shortenb-g 

i s  pract ic :%llg proportional t o  the overload and, on designating 

by El t h e  r a t i o  of the overload t o  the elongation, we bave 

o r pras  t i cally 
2 

E* = 4.62 E 
2 

Let us assume F.I. t o  b e  a s t e e l  ?late 10 mm (0.394 in.) 

t h i c k  2nd 600 zcz (23.62 i2.) 1035. T h e n  

E 
St = j-.O67 X 10 - 4- A, or p r a c t i c a l l y  E' - - 10000' 

C on s cqil eat 1 y , nken the load is  increased, F.I .  i s  s t ressed  

c 1O,C39  times l e s s  than %I., or 0.lg for 1 kg. The r a t i o  var- 

ies, :loreover, as e". It reaches l,OL)O,OOO, if e = 1 ma. This 

means that, a f t e r  t h e  element F.I. buckles, i t s  load does not 



N . A . C . A .  Technical Memorandum No. 447 49 

increase bcyond the  c r i t i c a l  load; 

t h e  overloads. 

s t ra , ight  condition as soon 8,s the compression i s  diminished. 

The s t i f f e n e r s  a lone support 

The p l a t e  does not  f a i l  and it can re turn  t o  its 

Tyanslation b y  Dwight 3:. Miner', 
National Advisory Committee 
f o r Acronaut i c s .  
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a-Duralumin and other  A1 . a l l o y s .  

b-ltagnesium and i t 6  a l l o y s ,  
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